The methionine salvage pathway is ubiquitous in all organisms, but metabolic variations exist between bacteria and mammals. 5-Methylthioribose (MTR) kinase is a key enzyme in methionine salvage in bacteria and the absence of a mammalian homolog suggests that it is a good target for the design of novel antibiotics. The structures of the apo-form of Bacillus subtilis MTR kinase, as well as its ADP, ADP-PO 4 , AMP-PCP, and AMPPCP-MTR complexes have been determined. MTR kinase has a bilobal eukaryotic protein kinase fold but exhibits a number of unique features. The protein lacks the DFG motif typically found at the beginning of the activation loop and instead coordinates magnesium via a DXE motif (Asp 250 -Glu 252 ). In addition, the glycine-rich loop of the protein, analogous to the "Gly triad" in protein kinases, does not interact extensively with the nucleotide. The MTR substratebinding site consists of Asp 233 of the catalytic HGD motif, a novel twin arginine motif (Arg 340 /Arg 341 ), and a semi-conserved W-loop, which appears to regulate MTR binding specificity. No lobe closure is observed for MTR kinase upon substrate binding. This is probably because the enzyme lacks the lobe closure/inducing interactions between the C-lobe of the protein and the ribosyl moiety of the nucleotide that are typically responsible for lobe closure in protein kinases. The current structures suggest that MTR kinase has a dissociative mechanism.
The methionine salvage pathway is ubiquitous in all organisms, but metabolic variations exist between bacteria and mammals. 5-Methylthioribose (MTR) kinase is a key enzyme in methionine salvage in bacteria and the absence of a mammalian homolog suggests that it is a good target for the design of novel antibiotics. The structures of the apo-form of Bacillus subtilis MTR kinase, as well as its ADP, ADP-PO 4 , AMP-PCP, and AMPPCP-MTR complexes have been determined. MTR kinase has a bilobal eukaryotic protein kinase fold but exhibits a number of unique features. The protein lacks the DFG motif typically found at the beginning of the activation loop and instead coordinates magnesium via a DXE motif (Asp 250 -Glu 252 ). In addition, the glycine-rich loop of the protein, analogous to the "Gly triad" in protein kinases, does not interact extensively with the nucleotide. The MTR substratebinding site consists of Asp 233 of the catalytic HGD motif, a novel twin arginine motif (Arg 340 /Arg 341 ), and a semi-conserved W-loop, which appears to regulate MTR binding specificity. No lobe closure is observed for MTR kinase upon substrate binding. This is probably because the enzyme lacks the lobe closure/inducing interactions between the C-lobe of the protein and the ribosyl moiety of the nucleotide that are typically responsible for lobe closure in protein kinases. The current structures suggest that MTR kinase has a dissociative mechanism.
Methionine is indispensable for cellular survival and is in high demand in proliferating cells. This essential amino acid plays critical roles in many ubiquitous cellular functions including protein synthesis, biological methylation, polyamine biosynthesis, as well as in the biosynthesis of the plant hormone ethylene and in some bacteria, quorum sensing. The biosynthesis of methionine is energetically costly, and the need for sufficient methionine has driven the evolution of methionine salvage pathways (1) . Although the pathway is ubiquitous in almost all organisms, some metabolic variations are found in the pathways between mammals, plants, microbes, and certain parasitic protozoa. A key metabolic difference between mammals and prokaryotic pathogens is the absolute requirement for mtnK (2) , which encodes 5-methylthioribose (MTR) 3 kinase (EC 2.7.1.100) (3) for bacterial methionine salvage.
MTR kinase is regulated by the environmental methionine level (4) and its expression enables organisms to grow on nonmethionine sulfur sources such as MTR or 5Ј-methylthioadenosine (MTA) (5) (6) (7) . MTA is a byproduct and inhibitor of polyamine synthesis (8) and hence is toxic to cells and must be rapidly degraded. In various microbes, plants, and certain protozoa, MTA is degraded by MTA nucleosidase into MTR and adenine. MTR kinase then catalyzes the phosphorylation of MTR to MTR 1-phosphate, which is subsequently converted to methionine via a series of intermediates (8, 9) . In mammalian cells, however, the degradation of MTA and its conversion to MTR 1-phosphate is achieved in a single step by MTA phosphorylase (10) . This metabolic difference in the way MTA is removed has been explored and analogs of MTR, synthesized as pro-drugs, have been shown to selectively kill MTR kinase-containing organisms with little effect on mammalian cells (5, 11) . The absence of a mammalian homolog makes MTR kinase a good target for the design of novel antibiotics. The modern rational approach to new drug discovery includes structurebased drug design, which requires a detailed understanding of the structure of the target enzyme and its catalytic mechanism and substrate specificity. Thus, three-dimensional structures of MTR kinase with and without substrates are indispensable for the development of specific antibiotics targeting this enzyme. To this end, we present the first structural analysis of MTR kinase in its apo form and in complex with ADP, ADP-PO 4 , AMP-PCP, and AMPPCP-MTR.
EXPERIMENTAL PROCEDURES
Structure Determination of MTR Kinase Using Ho-MAD PhasingBacillus subtilis MTR kinase (gi:37999472) was expressed, purified, and crystallized as described previously (12) . The crystals were derivatized by soaking the crystals for 3 days in 2 mM HoCl 3 , 25% (w/v) PEG2000MME, 25% (v/v) ethylene glycol, 0.3 M sodium acetate, and 0.1 M Tris-HCl, pH 7.8. The holmium derivative was flash frozen in a nitrogen stream at 110 K, and a MAD dataset was collected around the L III edge of Ho to 2.5 Å resolution at Station X8C, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory. The peak and inflection data were processed using HKL2000 (13) , and the remote data were reprocessed at home using d*TREK (14) . Two pairs of Ho atoms in the asymmetric unit were readily located using SnB (15) . The CNS suite of programs was used for heavy atom refinement, MAD phasing, and density modification (16) . The data and phasing statistics are summarized in Table 1 .
An initial model was built using RESOLVE (17, 18) , and cycles of structure refinement were iterated between CNS (16) and manual rebuilding in Xfit (19) with 5% cross-validated data (20) . While the structure was being refined, unambiguous density for ADP was identified in the active site in complex with Ho ions (21) . The MTRK-ADP-Ho complex (21) was used as the initial model for the refinement of other MTR kinase structures: the apo-MTR kinase (MTRK), the ADP-magnesium complex (MTRK-ADP), the ADPmagnesium phosphate complex (MTRK-ADP-PO 4 ), the AMPPCPmagnesium complex (MTRK-AMP-PCP), and the AMPPCP-magnesium, substrate MTR complex (MTRK-AMPPCP-MTR).
Structure Determination of Apo-MTR Kinase and Its Substrate Complexes-Crystals of apo-MTRK were grown as described previously (12) . The MTRK-ADP and the MTRK-AMPPCP complexes were prepared by overnight soaking of MTRK crystals in 25% (w/v) PEG2000MME, 0.3 M sodium acetate, 20 mM magnesium acetate, and either 4 mM ADP or AMP-PCP (sodium salt). The MTRK-AMPPCP-MTR complex was prepared by soaking the MTRK crystals in 25% (w/v) PEG2000MME, 0.3 M sodium acetate, 20 mM magnesium acetate, 4 mM AMPPCP, and 2 mM MTR for 2 h. The substrate MTR was synthesized by hydrolysis of MTA as described previously (22) . We also attempted, by co-crystallization, to determine the structure of an MTRK-ATP complex. In this case 10 mM ATP (sodium salt) and 2 mM MgCl 2 were added to the apo-MTRK protein solution prior to crystallizing the mixture as described for apo-MTRK (12) . Due to hydrolysis of the ATP by the enzyme, ADP, rather than ATP, was observed in each of the active sites (see below).
Crystals of the complexes were soaked in 25% (v/v) ethylene glycol, 25% (w/v) PEG2000MME, 0.3 M sodium acetate for 30 s and flash frozen at 110 K. All data were collected using CuK ␣ x-radiation from an RU-H3R rotating anode generator, Osmic optics, and R-AXIS IV ϩϩ image plate detector, and processed using d*TREK (14) . The refinement and model building was initiated using the iterative procedures implemented in ARP/ wARP (23) with the structure of the MTRK-ADP-Ho complex as the starting model. Cycles of structure refinement were then alternated between Refmac (24) and manual rebuilding using Coot (25) before a final round of TLS (translation, rotation/ liberation, screw-rotation) refinement. Two TLS groups per subunit (residues 1-120 and 121-397) were defined and the TLS tensor was refined using Refmac in the CCP4 program suite (26 -28) Co-crystallization of ATP with the protein resulted in electron density compatible with ADP molecules rather than ATP in both active sites of the protein. In both monomers spherical density was also observed in the A weighted F o Ϫ F c map just below the position that the ␥-phosphate of ATP would have occupied if ATP was present. A water molecule was initially modeled in both monomers but in monomer B, the B-factor for the water refined to a very small value while still showing positive density of Ͼ3 in the F o Ϫ F c difference map. A phosphate ion was therefore modeled in place of this water molecule. The phosphate has higher B-factors than its neighboring atoms suggesting that it is not present at full occupancy. Reduced occupancy for the phosphate is supported by the observation that when its occupancy was set to 0.5, its B-factor refined to about half of those of the neighboring atoms. During the refinement of the phosphate we have fixed the occupancy at 1 and have refined its B-factor. A water molecule rather than a phosphate ion is modeled in monomer A because, although visible, the density for a phosphate ion is less convincing than that observed in monomer B. The final co-crystallized MTRK-ADP-PO 4 complex has R/R free factors of 21.1/27.4% (2.6 Å). Data, refinement, and structure validation statistics for the five MTR kinase structures are summarized in Table 1 . A list of the disordered residues and disordered side chains in the five structures is provided in the supplementary material (Table S1 ). All figures were prepared using PyMOL (29) .
RESULTS AND DISCUSSION
Overall Fold and Quaternary Structure-The structure of B. subtilis MTR kinase has a bilobal architecture consisting of a smaller N-terminal lobe (N-lobe) and a larger C-terminal MTR-binding lobe (C-lobe) connected by a linker region (residue 115-120) (Fig. 1A) . Although about 30% of the N-lobe is disordered in the structures and could not be modeled (see supplementary Table S1 ), the backbone density clearly reveals the same fold as the N-lobe of a protein kinase. The N-lobe of MTR kinase is composed of 5 twisted anti-parallel ␤ strands (␤1-␤5) flanked by two ␣ helices (␣1 and ␣2) in a ␣␤␤␤␣␤␤ topology. The larger C-lobe is predominantly ␣ helical, with 12 ␣ helices (␣3-14) and four short 3 10 helices (1-4) along with four short ␤ strands (␤7-␤10) between helices ␣8 and ␣9, and a short strand ␤6 at the C-terminal end of the linker region. Strand ␤8 forms an anti-parallel ␤ turn with ␤9 and also interacts with the tip of strand ␤6, whereas strands ␤7 and ␤10 form a second twisted anti-parallel sheet. Together with the N-lobe, the topology profile of these anti-parallel ␤ strands in a helical environment is also consistent with that of a protein kinase. Thus, although MTR kinase is only found in bacteria, plants, and other lower organisms, the protein has the same bilobal fold seen in eukaryotic protein kinases.
The crystal structure of B. subtilis MTR kinase has two subunits in the asymmetric unit related by 2-fold non-crystallographic symmetry (Fig. 1B) (30) . Examination of the protein quaternary structure data base (31) reveals that this interface is larger than the interfaces found in 75% of all homodimeric kinases. The dimeric structure of B. subtilis MTR kinase is also consistent with the gel filtration profile of the 45-kDa enzyme showing an apparent molecular mass of ϳ100 kDa in solution (data not shown) and previous in vitro characterization of MTR kinases from other species (32, 33) , as well as with the cooperative kinetics observed for Oryza sativa MTR kinase (7) .
Structural Neighbors of MTR Kinase-Tertiary structural comparison of MTR kinase to the Protein Data Bank using Dali (34) or FATCAT (35) reveals structural similarity to choline kinase (36) (1NW1) ( Fig. 2A ) and aminoglycoside phosphotransferase type IIIa (37) (APH(3Ј)-IIIa) (1J7I) (Fig. 2B ) despite limited sequence identities of 15 and 12%, respectively. FAT-CAT calculates that MTR kinase has C ␣ root mean square deviations of 3.4 and 3.0 Å when compared with choline kinase and APH(3Ј)-IIIa, respectively. MTR kinase is also structurally similar to many eukaryotic protein kinases including casein kinase (38) , cAMP-dependent protein kinase (PKA) (39) , and G protein-coupled receptor kinase (40) . In the structural alignment, the anti-parallel ␤ sheet found in the N-lobe of MTR kinase, choline kinase, and APH(3Ј)-IIIa superimpose readily (Fig. 2C) , whereas the C-lobes reveal larger structural variations that account for the diversity of the substrates catalyzed. Nevertheless, the alignment reveals "core helices" corresponding to helices ␣4, ␣6, ␣8, ␣9, ␣10, and ␣11 of MTR kinase that are common to all three proteins.
Examination of the quaternary structure of MTK kinase, choline kinase, and APH(3Ј)-IIIa reveals that although they share a common fold, their quaternary structures are unique. MTR kinase dimerizes mainly via interactions between helices ␣8 (Fig. 1B) , whereas choline kinase dimerizes via interactions between helices that are structurally equivalent to helix ␣2 of MTR kinase ( Fig. 2A) . APH(3Ј)-IIIa is held together as a dimer in the crystal structure via disulfide bonds (37) (Fig. 2B ) between strand ␤1 and the poorly conserved region between helices ␣6 and ␣7. The quaternary structure of MTK kinase, choline kinase, and APH(3Ј)-IIIa differs from the catalytic domains of many protein kinase that appear to function as monomers in the absence of their regulatory domains (38, 41) .
Nucleotide-binding Site-Overall the nucleotide-binding site is relatively unperturbed between the apo, ADP, ADP-PO 4 , AMPPCP, and AMPPCP-MTR bound MTR kinase structures (Fig. 3A) and the residues in the substrate binding pocket can be readily superimposed (Fig. 3B) . The nucleotide binds in the cleft region between the two lobes of the MTR kinase, making extensive interactions with residues from both lobes as well as with residues from the linker region (residue 115-120). The adenine ring of the nucleotide binds near the linker region in a hydrophobic pocket consisting of residues Val 46 (Fig. 3B) . Only the hydrophobicity of these residues is conserved across species. Besides these hydrophobic interactions, the adenine ring is also held by two hydrogen bonds: one from the backbone carbonyl oxygen of Glu 115 to the N-6 amino nitrogen of the adenine, and the other from the amide nitrogen of Leu 117 to the N-1 nitrogen (Fig. 4) . A struc- turally conserved water molecule donates two hydrogen bonds to the nucleotide: one to the N-7 nitrogen of the adenine ring and the second to the O-1 oxygen of the ␣ phosphoryl group of the nucleotide (Fig. 4) . This water molecule is observed in all but the lowest resolution MTRK-ADP-PO 4 structure. In all nucleotide complexes, the O-1 oxygen atoms of the ␣ phosphoryl group of the nucleotide also interact via ionic interactions with the N nitrogen of the strictly conserved Lys 61 (Fig. 4) , which in turn forms a salt bridge with the O ⑀ carboxyl oxygen of Glu 84 from helix ␣2. Apparent Lack of Lobe Movement-The apparent rigidity of the nucleotide-binding site between the two lobes of MTR kinase is supported by the lack of interactions between the ribosyl moiety of the nucleotide and residues from C-lobe. In PKA, nucleotide binding induces lobe closure. Interactions between residues in the C-lobe of PKA and the bound nucleotide have been defined as "closure-inducing residues" as these interactions produce a torque about the hinge axis and drive lobe closure (42) . The most important closure-inducing residue in PKA is Glu 127 , which is located on the C-lobe and interacts with both ribosyl hydroxyl oxygens of ATP (39) . No residue in MTR kinase plays an equivalent role.
A general problem associated with every crystal structure is that crystal-packing forces can occasionally lock the protein into a single conformation, open or closed. Whereas the presence of lobe or domain movement is perhaps easier to identify given two structures with different conformations, proving that no lobe movement occurs is more challenging. Additional evidence that supports our hypothesis that the lack of lobe closure observed between apo-MTRK and the various complexes is not the result of crystal packing, but relevant to the function of the protein, is as follows. First, B. subtilis MTR kinase in the absence of detergent crystallizes in a different space group (12) with different surfaces involved in the packing interactions. Despite the differences in packing environments no major structural differences occur as a result of the different crystal contacts. Second, we have recently determined the structure of Arabidopsis thaliana MTR kinase complexed with ADP and MTR. 4 This cocrystal structure packs in yet another space group and reveals that the plant enzyme has the same conformation as the apo and complexed forms of the bacterial enzyme. Third, soaking (data not shown) and co-crystallization of B. subtilis MTRK with ATP produced in both cases ADP rather than ATP in the active site. For the soaking experiment this suggests that MTR kinase is active in the crystalline state and that ATP hydrolysis can occur without disrupting the crystal lattice. If significant inter-lobal movement was required for ATP binding or hydrolysis, and this movement was prevented by crystal contacts, one would have expected the crystals to shatter during the soaking experiment. The similarity of the ADP-PO 4 (co-crystallized) and ADP (produced by soaking ADP) complexes also supports our hypothesis that no lobe movement occurs because, regardless of when hydrolysis of the ATP occurred, crystal-packing forces could not have influenced the conformation of the protein complex prior to its incorporation into the lattice. As the nucleotide-binding site of MTR kinase comprises residues from both lobes as well as the linker region, and the entire active site is readily superimposable in all MTRK structures determined to date (Fig. 3) , current structural data suggests that unlike protein kinases, but comparable with APH(3Ј)-IIIa, MTRK does not undergo large lobe movement upon ATP binding, ATP hydrolysis, and ADP release.
The Gly-rich Loop-A Gly-rich motif or G-loop is found between ␤-strands ␤1 and ␤2 in the N-lobe of MTR kinase. The G-loop of MTR kinase has a highly conserved GXGNXN motif (residue 39 -44), although the last residue, Asn 44 , is not structurally in the loop but located on strand ␤2 according to DSSP (see supplemental Fig. S1 ). The G-loop is structurally analogous to the "nucleotide positioning loop" in APH(3Ј)-IIIa (44) and the "Gly triad" (GXGXXG) motif found in many eukaryotic protein kinases such as PKA (45) (Fig. 5, green) . In both protein kinases and APH(3Ј)-IIIa, the G-loop serves to anchor and coordinate the ␤ or ␥ phosphoryl oxygens of the nucleotide.
Unlike protein kinases where extensive interactions between the nucleotide and the loop are often observed, only two potential interactions between the G-loop and the nucleotide are found in B. subtilis MTR kinase: between the side chain of Asp 40 and the O-3Ј hydroxyl oxygen of the ribose, and between the N ␦2 nitrogen of Asn 44 and the ␤-phosphate of the oxygen. The interaction involving Asp 40 is only observed in monomer A of the MTRK-AMPPCP and MTRK-AMPPCP-MTR structures, where the distance between the carboxyl and hydroxyl oxygen is 3.7 and 3.4 Å, respectively. The quality of the electron density of this region in monomer B of these structures and in both monomers of the MTRK-ADP and -ADP-PO 4 complexes results in Asp 40 either being truncated to alanine or omitted entirely (see supplemental Table S1 ). No other interaction is observed between MTR kinase and the ribose group of the nucleotide. This lack of strong interactions between the ribosyl moiety of the nucleotide and the protein is unique to MTR kinase and appears to prevent nucleotide-induced lobe closure. The lack of interaction is perhaps not unexpected because if the nucleotide-binding site had strong affinity for the ribose moiety, the carbohydrate substrate MTR would compete for nucleotide binding.
In the series of MTR kinase structures presented the G-loop is disordered in some structures but not in others: the electron density of the G-loop is only visible in monomer A of all structures and not in monomer B of the apo-MTRK, MTRK-ADP, or MTRK-ADP-PO 4 structures (supplemental Table S1 ). Interestingly, the B-factors of the bound nucleotide in monomer B are always higher than those in monomer A although the B-factors for the protein regions are comparable for the two monomers ( Table 1 ). The higher B-factors in monomer B implies lower nucleotide occupancy, which is correlated with the observation that the G-loop is more disordered in monomer B than in monomer A. When the G-loop is ordered, it appears to partially occlude the nucleotide from the solvent. Thus, the flexibility of the G-loop is required to allow nucleotide entry and exit from the active site.
The DXE Motif and Magnesium Binding-Divalent metal ions are required for MTR kinase activity (46) . Examination of our structures shows that the interactions between the protein and the nucleotideMg(II) differ slightly when the ions are in complex with ADP and AMP-PCP. The MTRK-ADP and MTRK-ADP-PO 4 complexes contain two Mg(II) ions. One of the magnesium ions, Mg (1) is structurally conserved in all ADP and AMPPCP complexes (Figs. 4 and 5A ). This metal-binding site appears to be conserved in both the APH(3Ј)-IIIa-AMPPNP-Mg(II) (Fig. 5B) and PKA-ATP-Mn(II) (Fig. 5C ) complexes. In both MTRK-ADP complexes, Mg (1) (Fig. 4B) . The second magnesium ion, Mg(2), found in both MTRK-ADP complexes is chelated by the ␣ and ␤ phosphoryl oxygens of ADP and the O ␦ oxygen of Asp 250 . No clear electron density could be found in the AMPPCP or AMPPCP-MTR complexes for Mg (2) . This is probably because unlike ATP or AMPPNP, AMPPCP lacks the electron donor in the ␤ phosphoryl position that appears to be necessary to chelate this Mg(II).
The metal ion coordination allows us to define the DXE motif (Fig. 6) , in which both Asp 250 and Glu 252 participate in coordinating the magnesium. This motif appears functionally analogous to the DXD motif found in many glycosyltransferases. In glycosyltransferases this motif is involved in coordinating the nucleotide sugar donor-Mn(II) complex (47) and is important for transferase activity (48, 49) . The DXE motif is not found in protein kinases or the evolutionarily related eukaryotic-like kinases. Instead these proteins have a DFG motif, which marks the start of the "activation loop" (50) . In PKA and APH(3Ј)-IIIa, for example, the aspartate of the DFG motif (e.g. (Fig. 5) . The lack of the DFG motif in MTR kinase is in keeping with its role as metabolic housekeeping enzyme, which does not require complex allosteric conformational changes for downstream signaling. Examination of choline kinase sequences and the model of its active site derived from the structure of the metal-free ADP complex (52) , suggests that the DXE motif may be more widely distributed. Choline kinase, like MTR kinase, has a similar metal binding motif, a DFE motif. Asp 330 of the DXE motif in choline kinase has been hypothesized to be involved in ADPMg(II) coordination. The role of the Glu 332 in choline kinase is uncertain as it is disordered in the metal-free structure.
The HGD Motif and MTR Binding Site-The substrate MTR binds in the cleft region between the two lobes of MTR kinase and is located just beneath the nucleotide (Fig. 3B) . In solution, the O-1 hydroxyl of MTR can interconvert between the ␣-and ␤-conformation via ribose ring opening with the ␤-ribofuranose form being more stable, and hence more abundant, than the ␣-anomer. When MTR is synthesized, 67% of the ␤-anomer and 33% of ␣-anomer are found as determined by 1 H NMR (data not shown). In the MTRK-AMPPCP-MTR structure, the MTR adopts the higher energy ␣-conformation with the O-1 hydroxyl cis to the O-2 and O-3 hydroxyls, making one side of the ring more hydrophobic than the other. The ␣-conformation is stabilized by a hydrophobic interaction with (Fig. 4B ). The HGD motif in MTR kinase is analogous to the HXD motif, commonly seen as one of the "ancient core" components shared among eukaryotic protein kinases and eukaryotic-like kinases with the aspartate of the HXD motif (Fig. 6 (Fig.  7A) . These residues form a molecular gate that seems to be important in defining substrate specificity. While these residues are not fully conserved across all MTR kinase sequences, our recent structure of a plant MTR kinase suggests that the equivalent residues play a similar role. 4 In the B. subtilis structure presented here, this gate would appear to potentially restrict the length of the alkylthio moiety at the 5-position. In both panels, the N, O, P, S, and Mg atoms are colored blue, red, magenta, orange, and yellow, respectively. In B, the PO 4 is not present at full occupancy (see "Experimental Procedures"), and the substrate MTR has been included in a transparent rendition; its location comes from the alignment of the two structures.
However, the W-loop is often disordered and is only visible in monomer A of the AMPPCP and AMPPCP-MTR structures. This observation would explain why many MTR analogs with bulky extensions at the 5-position have been shown to be weak substrates and/or inhibitors of MTR kinase (3, 5) . Although the bulkiness of the 5-subsitution does not correlate with their inhibitory concentrations, 5 they are comparable (in the micromolar range) to the K m for MTR observed for the enzyme in many species of bacteria and plants (7, 33, 46 Proposed Mechanism for Phosphate Transfer-The mechanism of phosphate transfer in a typical kinase is often categorized as either associative or dissociative (54) . An associative mechanism for MTR kinase would involve a direct S N 2-like nucleophilic attack of the O-1 hydroxyl oxygen of MTR to the ␥-phosphate of ATP, forming a penta-coordinated trigonal bipyramidal transition state with 50% bond formation between the nucleophilic oxygen and the phosphorus, and 50% bond breakage between the phosphorus and the ADP leaving group. The dissociative mechanism is primarily S N 1-like with bound ATP first being hydrolyzed to form a trigonal planar metaphosphate-like transition state, which then transfers its ␥-phosphate to the O-1 oxygen of MTR to form MTR 1-phosphate.
While complete kinetic characterization of the enzyme and selective mutants is required to distinguish between the two types of mechanisms, the structures presented are suggestive of a dissociative mechanism. Our hypothesis for this is as follows. When ATP is cocrystallized or soaked into MTR kinase, ADP is consistently observed in the active site, suggesting that MTR kinase can hydrolyze ATP without MTR acting as a nucleophile. Density is observed for a phosphate ion near the O-1 hydroxyl of MTR in the ADP-PO 4 co-crystallization complex. The density for ADP-PO 4 (2.6 Å) is not as good as that observed for AMP-PCP-MTR in their respective complexes (2.3 Å) (Fig. 6 ). This is probably because of the lower resolution and lower occupancy of the ligands in the ADP-PO 4 complex. Because the orientation of the phosphate is ambiguous at 2.6 Å resolution, interactions in this phosphate-binding site cannot be definitively defined. The MTR potassium phosphate-binding site is suggestive of a reaction intermediate that is of dissociative character.
Other observations support our hypothesis that the enzyme has a dissociative mechanism. First, the strictly conserved putative catalytic residue Asp 233 appears to lock the MTR ribose ring in the ␣-conformation when hydrogen bonded to the O-1 oxygen of MTR. The surrounding hydrophobic residues also appear to favor the ribose ring to adopt a 3-endo sugar pucker. Interestingly, the 3-endo sugar pucker is also observed in our plant MTRK-ADP-MTR complex. 4 Second, no interlobal movement has been observed before and after the binding or hydrolysis of the nucleotide. The current conformation observed in the enzyme-substrate complexes does not satisfy the geometry required for O-P bond formation in the product, MTR 1-phosphate, before complete bond breakage between the ␥-phosphate and the nucleotide. An associative mechanism would require significant conformational changes that have not been observed to date. Third, unlike many protein kinases that undergo lobe closure to provide a solvent inaccessible chamber 5 G. Guillerm, personal communication. for catalysis, the reaction center, namely the moieties of nucleotide ␥-phosphate and O-1 oxygen of MTR, are largely solvent exposed (Fig. 7) . Because we observe the breakdown of ATP to ADP and PO 4 in the absence of MTR, water, instead of MTR, could potentially hydrolyze the ATP during the reaction mechanism. The ADP-PO 4 structure suggests that the PO 4 may remain bound to the enzyme to minimize an abortive ATPase reaction that is observed in many kinases (55 Implications for Drug Design-The MTR kinase structures provide structural templates that will be useful to design the next generation of MTR kinase inhibitors and/or pro-drugs. General strategies are proposed as follows. First, the structures determined to date show that no global conformational changes occur on substrate binding. If no global conformational changes are necessary, this suggests that unlike many conformation-specific protein kinase inhibitors and that the design of an anti-MTR kinase drug candidate may only need to target one conformation. Second, the reaction center of MTR kinase is solvent exposed thereby providing sufficient space to conjugate a cytosidic compound that would only be activated when the substrate is catalyzed by the enzyme or other enzymes in the methionine recycling pathway. Third, by using existing high-affinity generic protein kinase inhibitors that target the nucleotide-binding site of a kinase fold (e.g. staurosporine (56)) as structural templates and exploiting the structurally unique features of the nucleotide-binding and MTR binding sites, it may be possible to increase the affinity of existing MTR kinase inhibitors without sacrificing their specificity. Furthermore, the unique mode of nucleotide-Mg(II) binding for MTR kinase via its DXE motif should potentially simplify problems of crossreactivity of MTR kinase nucleotide-like inhibitors to essential protein kinases found in the host organism. Finally, the solventexposed enzyme active site implies that a pro-drug may be activated by water. Whereas most existing MTR kinase pro-drugs are triggered by phosphorylation, future pro-drugs could potentially be designed to be triggered by phosphorylysis.
